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S  J?  M  M  i  R  X 

Characteristics  of  the  energy  radiated  from  aircraft  gas  turbine  type 
combustion  processes  were  investigated  by  rhiilipB  Petroleum  Company  for  the 
Navy  Bureau  of  Aeronautics  under  Contract  NOas  52-132-c,  The  study  was  conducted 
in  Phillips'  Jet  Fuel  Test  Facility  using  a  2-inch  combustor.  Two  paraffinic 
test  fuels,  normal  heptane  and  isooctane,  and  two  aromatic  test  fuels,  benzene 
and  tolujjie,  were  selected  to  obtain  a  wide  rang*  in  hydrocarbon  structure.  They 
were  metered  to  the  combustor  at  an  overall  fuel-air  ratio  of  0,01.  Three  dif¬ 
ferent  test  conditions  were  selected  to  be  representative  of  ramjet,  current 
turbojet,  and  future  turbojet  powerplants.  Respective  operating  pressures  were 
40,  150,  and  450  in.,  Pg  nbs.  Infrared  flame  emission  and  absorption  spectra, 
from  1  to  1 5  microns  in  wavelength,  were  obtained  ct  five  different  locations 
around  the  combustor.  This  was  also  done  without  combustion,  and  without  fuel; 
to  obtain  fuel,  and  »lr,  absorption  spectra.  Sup:>l«"“”tary  measurements  of  four 
other  combustion  cleanliness  parameters  were  also  obtained  for  correlation  pur¬ 
poses;  l.e,,  combustor  metaJ  temperature,  conbU3to:  ,al  loss  rate,  combustor 

deposit,  formation  rate,  and  exhaust  gas  smoke  donBity  . 

t< on-luminous  flames  ware  characterized  bj  discontinuous  radiation  of 
molecular  origin.  Luminous  flames  wers  characterized  by  a  predominance  of  con¬ 
tinuous,  black  body  type,  radiation.  At  intermediate  values  of  luminosity  the 
discontinuous  molecular  radiation  was  evident,  superimposed  on  the  continuous 
radiation.  The  average  transverse  emisslvity  of  the  infrared  spectral  region 
for  non-liimlnoun  flames  wre  approximately  0.03;  but  it  increased,  with  increas¬ 
ing  flame  luminosity,  to  nearly  one. 

The  transverse  emisslvity  of  the  flares  increased  with  increasing 
combustor  pressure,  but  the  rate  varied  with  fuel  type.  In  general,  flame 
emissivitisa  of  the  aromatic,  fuels,  benzene  aud  toluene,  were  higher  than  those 
of  the  paraffinic  fuels,  normal  heptane  and  isoootane.  However,  absorption  by 
the  smoke  in  the  exhaust  column  decreaeod  the  longitudinal  emlsrivity  of  the 
two  aromatic  fuels  with  increasing  pressure  at  higher  pressures..  This  corrobo- 
i-afrs  indications  of  even  more  extensive  reversals  in  emisslvity,  previously 
observed  at  higher  smoke  densities  than  obtained  during  this  study. 

_ (continued)_ 
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S.  I  M  M  A  R  I  (continue!) 

Energy  transferred  by  radistien  to  combustor  parts  sue  a3  the  flame 
tube,  was  aD  appreciable  portion  of  the  total  energy  released  in  luminous  flames. 
The  radiative  power  varied  from  lees  than  one  per  cent  to  greater  than  ten  per 
cent  Ol  the  total  sj'qrgj  released,  depending  upon  experiments!  conditions. 

The  variations  in  combustor  me  cal  temperature,  which  accompanied 
changes  in  experiiir  iital  conditions,  followed  total  radiant  energy  trends.  while 
the  temperature  of  the  flames  remained  essentially  constant  at  2800  F  over  a 
broad  range  of  experimental  conditions,  indicating  a  constant  extent  of  combus¬ 
tion;  the  combust jr  flame  tube  metal  temperature  varied  over  a  500  F  range,  in 
direct  relation  to  the  emissivity  of  the  flams'.  In  addition,  the  rate  of  metal 
loss,  or  burn  of:.’,  from  the  combustor  flame  tube,  which  should  be  some  index  of 
combustor  durability,  also  correlated  with  flane  emissivity  and  the  accompanying 
flame  tube  metal  temperature. 

The  umoke  forming  tendency  of  the  combustion  process  i3  important 
because  it  governs  both  flame  radiative  characteristics  and  transmission  prop¬ 
erties.  In  agreement  with  flame  emissivity  trends,  the  exhaust  gas  smoke  density 
increased  vlth  increasing  combustor  pressure,  and  was  highest  for  the  two  aro¬ 
matic  fuels.  Flame  tube  deposit  formation  rates  peaked  at  the  intermediate  pres¬ 
sure,  150  in.  Hg  abs,  and  were  very  low  at  the  highast  operating  pressure,  450 
in.  Hg  abs,  with  all  for  •  toot  fusls.  Aa  concluded  during  previous  studies,  this 
is  taken  as  an  indication  of  the  ignition,  and  burn  off,  of  deposits  from  the 
hotter  flane  tube  metal  walls,  rather  than  a  reduction  in  the  rate  of  pyrolytic 
carbon  for  nation  at  the  higher  combustor  operating  pressure. 

Radiative  energy  transfer  from  the  flame  zone  to  the  hydrocarbon  fuel 
was  relatively  inefficient  due  to  the  non-coincidencn  of  the  absorption  spectra 
of  the  atomized  fuel  and  the  amission  spectra  of  the  flame.  The  raw  fuel  absorbed 
over  a  spectral  region  containing  only  about  ten  per  Cent  of  the  available  energy 
from  luriinoua  flames,  and  leas  from  non-luminous  flames.  Despite  this  ineffi¬ 
ciency,  the  Rydrogen  was  probably  stripped  from  the  carbon  chains  almost  immedi¬ 
ately,  slice  little  hydrocarbon  as  such  was  present  in  the  flame  zone  of  the 
combustor. 


T^tel  radiation  pyrometers  must  include  the  1  to  5  micron  spectral 
region  to  gire  reliable  indications  of  the  total  infrared  radiation  emitted  by 
jet  combuator  type  flames.  For  low  luminosity  flames  sapphire  optics  will  give 
substantially  more  reliable  results  than  quartz  optics.  If  pyrometr.’.c  observa¬ 
tion!  are  made  through  long  columns  of  exhaust  gases,  it  mey  he  necessary  to 
take  into  account  the  ebsorptiun  due  to  the  combustion  products  and  smoke. 

The  emissivity  of  the  carbon  dioxide  4  to  5  micron  vsnd  was  nearly 
one  over  a  large  range  of  operating  conditions  and  fuel,  type-.  Indications  are 
thi.t  the  intensity  of  radiation  in  this  spectral  region  should  serve  ss  a  good 
index  of  the  flame  temperature,  since  it  would  be  essentially  independent  of 
flame  luminosity  and  atmospheric  absorption,  if  a  narrow  band-pass  pyrometer 
were  used. 
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RADIATION  FROM  LABORATORY  SUA'LE  JKT  COMBUSTS  FLAKES 
I.  IHTROEUCTICf? 

During  the  bimonthly  period  of  July  and  August,  1956,  our  time  was 
devoted  largely  to  analysis  and  interpretation  of  the  flame  radiation  program 
tost  results-  which  were  obtained  under  the  preceding  Contract  NOaa  52— 132— c. 
Amendment  13. 


Since  Initiating  work  with  Phillips'  high  pleasure  combustor  test 
facility,  it  has  been  observed  that  among  the  more  prominent  effects  of  oper¬ 
ating  pressures  in  tha  range  of  ten  to  seventeen  atmospheres  pressure  are  several 
related  to  increased  heat  transfer  from  tho  combustion  zone  to  surrounding  metal- 
surfaces.  Test  results  discussed  in  Reference  1  showed  combustor  flame  tube 
deposits  at  3ueh  pressures  dropping  to  very  low  levels,  in  the  face  of  Increased 
carbon  formation  shown  by  exhaust  gas  smoke  density  measurements .  However, 
accompanying  these  deposit  reductions  at  high  operating  pressures  were  severe 
combustor  durability  problems,  manifested  by  buckling  of  the  flame  tubes,  dis¬ 
tortion  of  the  primary  air  inlet  holes,  and  burning  away  of  metal  from  the 
exposed  surfaces. 


It  was  further  indicated  by  measurements  of  combustor  flame  tube  metal 
temperatures  that  both  effects,  that  is,  reduced  flame  tube  deposits  and  increased 
flame  tube  failures,  may  be  reflections  of  hotter  metal  surfaces.  Since  the 
flames  with  all  test  fuels,  whether  paraffinic  or  aromatic,  were  brilliantly 
luminous  in  appearance  at  pressures  above  ten  atmospheres,  it  was  believed  that 
these  hifjier  surface  temperatures  were  the  result  of  more  intense  flame  radiation. 
Thi3  possibility  was  explored  to  a  limited  extent  using  a  total  radiation  pyrome¬ 
ter  (thermopile  type)  viewing  the  flame  downstream  from  tha  test  combustor.  The 
results,  though  somewhat  questionable  as  to  precision,  tended  to  support  an 

mv«l  '>*»<.  +  ■;  Am  V>«4-  Vi  1  m.i  /-J 4-  Mqfno  '»-'»«')  Vis  f4*  mo+nl  Kuw—nf  P  nn+oe  /~>V»  4-Vio  Vnoi  o 

«uxvtl  ma  ww  ax  J-vn  uojjtuj.  u  Idvww  w»»u  ..iw  wv..i.  wl  ..  vit  w*»w  wwwd.w 

of  flane  radiation.  » 


Thus  it,  was  felt  tbit  a  mere  detailed  study  of  the  characteristics 
of  the  radiant  energy  emitted  from  two- inch  diameter  jet  combustor  flames  might 
be  both  worthwhile  and  timely  —  in  view  of  industry  trends  towards  relatively 
high  pressure  ratio  turbojet  powerplants.  Work  done  by  two  other  investigators 
(2,  3)  ha3  also  shown  increasing  pressure  to  cause  more  intense  heat  transfer 
from  the  flame  zone  (primary  combustion  zone)  to  the  surrounding  metal  walls, 
using  full  scale  canbustor  cans  at  pressures  between  one  and  three  atmospheres. 
In  both  cases  the  much  higher1  radiation  intensities  from  yellow  or  luminous 
flames  (containing  glowing  particles  of  free  earbon  as  individual  radiating 
centers)  compared  to  that  from  blue  or  non-luminous  flames  was  mentioned.  It 
is.  of  course,  known  that  the  formation  of  f re»  "rf....,  !..  f? ’■*■«'?  i;  v... 

high  operating  pressures.  Therefore  the  work  covered  herein  was  planned  tc 
p-iph3.sl.26  i  ftyn  rtf  £,Vio  combu  stion  ^nvirorinisni ,  particularly  with  to 

pressure,  with  advanced  design  aircraft  povrerplants  in  mind. 
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It  v/a3  decided  to  establish  whether  the  use  of  Vycor  or  quart?-  windovfs 
to  protect  total  radiation  pick-ups  from  the  high  combustor  pressures  and  temp¬ 
eratures  (as  was  done  for  the  work,  of  References  1  and  2  respectively)  was 
permissible  from  the  energy  transmission  standpoint.  That  i3,  ia  there  appreci.- 
able  radiant  energy  emitted  at  wavelengths  longer  than  two  or  three  microns  in 
the  infrared  regie",  beyond  which  Vycor  and  quartz  fail  to  transmit  appreciably? 
Work  discussed  in  Reference  4  using  atmospheric,  bunuen  burner  type  flames  sug¬ 
gested  that  this  long  wave  length  radiation  comprised  a  large  part  of  the  total 
radiant  energy  omitted.  The  experimental  program  which  evolved  had  the  objectives 
of  determining  detailed  radiant  energy-versus-vravelength  relationships  by  the  use 
of  spectroscopic  instrumentation,  for  fuels  spanning  a  wj.de  range  of  hydrocarbon 
type,  at  combustor  operating  conditions  representative  of  (l)  ramjet,  (2)  current 
turbojet  and  (3)  future  turbojet  powerplants. 

II.  TEST  PROGRAM 

For  these  studies  it  was  decided  to  concentrate  on  pure  hydrocarbon 
test  fuels,  to  insure  that  differences  in  flame  radiation  produced  by  gross 
differences  in  hydrocarbon  structure  would  be  clearly  evident.  Table  I  lists 
a  number  of  pertinent  characteristics  of  the  four  fuels  selected  —  normal 
heptane,  isooctane,  benzene  and  toluene.  All  are  relatively  non-viscous  volatile 
•oducts  t.o  minimize,  or  at  least  render  constant,  the  effects  of  liquid  atomi- 
satJ.on  and  vaporization  on  carbon  formation  and,  pence,  flame  radiation. 

The  basic  equipment,  that  is  the  test  combustor  itself  and  related 
auxiliaries,  was  as  described  in  Reference  1  and,  more  completely,  in  Reference 
5.  In  brief,  the  combustor  test  facility  was  built  around  a  compressor  plant 
capable  of  supplying  air  at  mass  flow  rates  up  to  2,5  Ibs/sec  and  pressures  from 
4  to  500  in.  Hg  abs  to  a  battery  of  electric  resisraru  ■>  >.<■.  '  ers,  with  which  com¬ 
bustor  inlet  temperatures  up  to  1000  F  could  be  attai-v  -  ”.v?  f  .sc  +he  air 

passed  to  the  combustor  inlet  piping  shown  in  Figure  wi.ich  also  gives  - 
location  of  the  test  combustor  itself  and  the  stations  at  which  the  flame  radi¬ 
ation  measurements  were  made.  Fuel  was  introduced  into  the  combustor  by  pressure 
atomization  through  a  conventional  swirl  type  nozzle,  while  air  for  combustion 
and  cooling  entered  through  holes  in  the  flame  tube  air1  nozzle  holder.  These 
flame  tubes  were  made  from  heavy  walled  (Schedule  40)  .-tainless  steel  (Type  304) 
2-inch  pipe  to  resist  distortion  and  warping  in  the  presence  of  extreme  variation 
in  operating  conditions. 

The  schedule  of  operating  conditions  chosen  for  this  work  is  shown  by 
Table  II.  Test  condition  40  is  a  comtinaticn  of  low  absolute  pressure  and  high 
inlet  air  velocity  representative  to  some  extent  of  ramjet  type  combustion  systems 
—  it  was  selected  as  a  "base"  condition  at  which  all  four  fuels  were  expected  to 
buiT.  vitu  blue,  SmvRcleoS  flames.  it  wioiciuiv  sei  you  tv  show  whether  differences 
mi^it  exist  between  fuels  in  radiant  energy  solely  of  the  molecular,  or  ncr,- 
luminous,  type. 

Test  condition  150  was  chosen  to  simulate  t.be  type  nf  combustion 
environment  provided  by  current,  and  earlier  turbojet  engines  of  relatively  low 
pressure  ratio  at  sea  J  evel  conditions,  or  by  higher  pressure  ratio  engines  at 
high  altitudes,  Pa3t  observations  have  shown  flames  produced  under  conditions 
such  as  this  from  the  two  aromatic  test  fuels  to  be  entirely  luminous  ir.  appear¬ 
ance,  while  the  two  paraffinic  test  fuels  produced  semi-luminous  flames  having 
both  blue  and  yellow  regions. 
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TABIE  I 

CHARACTERISTICS  OF  TEST  FUELS 
(Handbook  Values  for  Technical  Grade  Products) 


Identification  Number 

Specific  Gravity,  60/60F 

ASTM  Distillation,  F 

Initial  Boiling  Point 
50  Percent  Evaporated 
Dry  Point 

tew  Heating  Value,  Btu/lb 
Reid  Vapor  Pressure,  lbs/sq  in 
Intent  Heat  of  Vaporization,  Btu/lb 
Surface  Tension,  80  F,  Etjuies/cm 
Kinematic  Viscosity,  100  F,  cs 


M/TDVAT 


HEPTANE 

ISOOCTANE 

BENZENE 

Totnao; 

A239 

A5 

A240 

A153 

0.689 

0.692 

0.834 

O.C72 

203 

205 

176 

230 

206 

207 

176 

231 

209 

208 

177 

232 

19,175 

19,065 

17,259 

17,425 

1.62 

1.71 

3.22 

1.03 

156.8 

132.2 

186.3 

177.3 

17.7 

18.9 

26,8 

25.9 

0.53 

0.63 

C.60 

0.58 

£  w 


AXIAL 
LOOK  BOX 


EXIT  GASES  TO 
QUENCH  CHAMBER 


FIGURE  I 

DIAGRAM  OF  COMBUSTOR  TEST  SECTION  AND  RELATED  PIPING 
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TABLE  II 


1 

1 

OF  UPtHATlIKi 

CUNDmOHS 

Test  Condition 

40 

150 

450 

Gonibvisiion  Syst?«fi 

Environment  Simulated 

Ram  let 

T*. .  ■!  1  «..r 

A  -/WJV.U,  .MV,,, 

Pressure  Ratio 

TViwsVx.v  -S.v-4  U-?  c4v 

4«J. 

Pressure  Ratio 

Combustor  Pressure, 

lit*  iig  uua 

40 

150 

450 

Combustor  Inlet  Air 

Teiiiporaturo,  F 

300 

4C0 

400 

Combusto-  Inlot  Air 

Velocity,  rt/acc 

350 

100 

100 

Fuel-Air  Ratio, 

lbs  Fuel/lb  Air 

0.010 

0.010 

0.010 

Hass  Air  Flow,  lbs/sec 

C.53 

0.50 

1.36 

Mass  Fuel  Flow,  Ibs/hr 

19,1 

i.-’.n 

46.8 
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Test  condition  450  simulated  the  type  of  conditions  encountered 
with  certain  currant  and  future  hi  gh  pressure  ratio  turbojets ,  particularly  at 
low  altitude  conditions.  However,  it  should  be  mentioned  that  pressure  was  the 
only  variable  changed  here  from  condition  150,  since  a  corresponding  increase 
in  inlet  air  temperature  (desirable  for  strict  realism)  was  decided  against 
because  of  doubts  concerning  the  ability  of  the  potassium  bromide  windows,  through 
which  th'  flame  radiation  measurements  were  taken,  to  withstand  temperatures  much 
above  400  r'.  Inlet  velocity,  too,  was  constant-  for  both  conditions  150  and  450. 

A  100  ft/sec  velocity  was  chosen  as  a  reasonably  valid  compromise  between  conditions 
in  older,  low  pressure  ratio  engines  (60  -  80  ft/sec)  and  those  typifying  newer, 
high  pressure  ratio  units  (125  -  180  ft/sec). 

Fuel-air  ratio  was  rraintained  constant  at  the  intermediate  level  of 
0,010  for  all  three  test  conditions,  facilitating  interpretation  of  the  radiation 
data  for  conditions  150  and  450  on  the  basis  of  pressure  alone. 


III.  EXPERIMEJTAL  SET-UP 


The  infrared  emission  and  absorption  spectra  of  flames  within  the 
laboratory  scale  jet  combustor  were  the  desired  spectroscopic  information.  These 
spectra  were  to  be  obtained  with  the  combustor  operating  under  the  conditions 
described  above.  The  spectroscopic  equipment  available  was  a  Perkin-EImer  12B 
spectrophotometer  converted  to  a  12C  instrument.  This  conversion  consisted  of 
changing  the  spectrophotometer  from  d-c  operation  to  a-c  operation.  The  change 
permitted  the  use  of  the  more  a-c  amplifying  eye  tom  used  on  present  day 

Perkin- timer  equipment  and  provided  a  convenient  means  for  obtaining  both  the 
emission  and  absorption  spectra  of  the  iiumcs.  The  spectrometer  was  mounted  on 
the  laboratory  scale  jet  combustor  to  form  the  jet-combustor  spectrophotometer. 

A  schematic  diagram  of  the  jet-combustor  spectrophotometer  is  shown 
in  figure  2.  The  two* inch  diameter  flame  tube  within  the  combustor  test  section 
had  1/4-inch  diameter  air  inlet  holes  through  which  the  spectra  were  obtained. 

To  obtain  absorption  spectra  a  first  image  of  the  Gldbar  source  was  projected  by 
mirror  Ml  and  lens  LI  (aperture  3/4-inch)  at  the  center  of  the  combustor.  An 
image  of  this  first  imago  was  projected  by  rens  12  (aperture  1/2-inch)  onto  the 
slit  of  the  monochromator.  The  radiation  from  the  Giobar  was  modulated  at  13  cps 
by  the  light  chopper  Cl  with  chopper  C2  set  in  the  open  position.  This  modulated 
radiation  was  dispersed  by  the  monochromator  and  detected  by  the  thermocouple 
receiver.  The  13  cycle  output  from  the  thermocouple  was  selectively  amplified. 
This  amplified  signal  was  synchronously  rectified  by  breaker  points  attached  to 
the  shaft  of  the  chopper  Cl.  The  resulting  d-c  signal,  proportional  to  the 

of  r.'.diltics  falling  ;r.  the  thermocouple,  w.  recorded.  Thus,  radiation 
arising  between  the  chopper  Cl  and  the  thermocouple  receiver  was  rejected  unless 
it  happened  to  be  modulated  at  13  cps  and  had  the  proper  phase.  Therefore,  the 
modulated  radiation  reaching  the  themncnnnl  e  was  riee-'vpd  u-o  ibn  rn-w--  — 
and  passed  througyi  the  flame  iri  the  combustor  pemitti  nr  absorption  measurements 
to  be  made.  Spectra  were  obtained  by  continuously  varying  the  wavelength  passed 
by  tho  monochromator  over  the  spectral  region  desired. 

Biiasion  spectra  were  obtained  by  setting  Cl  in  the  closed  position 
and  modulating  tho  radiation  leaving  the  combustion  chamber  by  means  of  chop per 
02.  The  amplified  signal  from  the  detector  was  synchronously  rectified  by  breaker 
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points  attached  to  the  shaft  of  C2,  In  this  case,  only  radiation  originating 
between  Cl  and  C2,  in  the  flame  tube,  was  modulated  and  was  thus  recorded.  With 
this  arrangement  the  emission  or  absorption  epeevra  could  be  obtained  by  activating 
the  proper  chopper  and  breaker  points. 

The  lenses  LI  and  L2  were  mde  of  potassium  bromide  with  a  focal 
length  of  5*33  inches.  The  lenses  were  separated  from  the  combustion  chamber  by- 
plates  of  potassium  bromide  one  centimeter  thick.  The  plates  were  sealed  by  means 
of  plastic  0-rings  to  fittings  allaciieu  to  the  combustion  chamber*  J.n  order  to 
cool  the  potassium  bromide  plates  and  to  prevent  deposition  of  water,  oil,  carbon, 
etc.,  on  the  windows,  dry  air  was  injected  tetweer.  the  window  and  the  combustion 
chamber  as  shown  in  the  diagram* 

A*  Spectrophotometer  Details 

In  the  interest  of  safety  and  operator  convenience  it  was  required 
that  the  spectrophotometer  be  operated  by  means  of  controls  which  were  located 
outside  the  test-cell-  Therefore,  a  25  foot  cable  was  used  between  the  controls 
and  the  equipment  located  inside  the  test-cell.  Figure  3  is  a  photograph  or  the 
control,  amplifying,  and  recording  system  standing  alongside  the  test-cell  control 
panel,  j^t  outside  the  test-cell. 

In  Figure  3  the  top  panel  contained  the  control  circuitry  for  the  two 
chopper-breaker  switen  assemblies,  scanning  drive,  and  elit  drive.  The  selector 
switch  at  the  left  switched  the  amplifier  output  to  utilize  the  rectifier  breaker 
points  associated  with  the  particular  light  chopper  being  used  (iteej  absorption 
or  emission).  It  also  switched  the  standard  signal  voltage  through  the  standard 
signal  breaker  point  associated  with  the  light  chopper.  The  left  hand  toggle 
switch  energized  the  light  chopper  motor  desired.  The  center  toggle  switch  position 
determined  the  direction  of  rotation  of  the  monochromator  scanning  drive  motor* 

Tuo  spectra  were  obtained  by  scanning  from  short  to  long  wavelength.  The  3-position 
toggle*  switch  on  the  right  controlled  the  direction  of  rotation  of  the  monochromator 
slit  drive  motor  to  open,  close  or  stop  the  slit. 

The  recorder  was  a  slightly  modified  Minncapclis-Honeywell  10  millivolt 
recorder.  The  panel  immediately  above  the  recorder  was  the  control  panel  for  the 
rerkin^JvLmcr  Model  107  amplifier.  The  panel  immediate^  below  the  recorder  contained, 
left  to  right,  the  watt-meter  measuring,  the  power  consumed  by  the  Globar  source, 
the  source  power  switch,  the  Vanac  control  for  the  source  voltage,  the  power  switch, 
and  the  a-c  line  voltag,e  meter.  The  bottom  panel  contained  the  start  and  stop  push 
button  switches  for  the  monochromator  scanning  motor  along  with  the  pen  and  chart 
activation  switches.  Except  for  the  selector  switches  and  motor  reversing  switches 
in  thw  all  the  uirouxory  ana  controls  an  figure  jj  ware  standard  with 

Perk  in-Elmer  equipment. 

Figures  k  through  7  shov/  various  photo rrauhic  views  of  the  speri.™- 
nhotometer  attached  to  the  combustor  test  section.  Other  equipment  in  the  taat- 
cell  has  been  obliterated  from  the  background  merely  to  make  the  photographs 
readable,. 


Figure  k  is  an  up-stream  view  of  the  combustor  run  taken  from  the 
exhaust  end.  Water-cooled  plates,  1,  carrying  the  chopper-breaker  assemblies 
and  the  Globar  source  were  supported  cn  the  combustor  test  section  by  two  pieces 


FIGURE  3 

SPECTROMETER  CONTROL  PANEL  AND  RECORDER 
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of  ang.Lt)  iron,  2.  The  lens-window  holders,  3,  projected  through  the  water  cools d 
plates.  These  lens— window  holders  were  supported  from  the  combustor  test  section 
by  nipples,  4,  and  gate  valves,  5.  The  dry  purge  air  was  injected  into  the 
nipples  by  the  injectors,  6,  The  spectrophotometer  was  mounted  at  a  15  degree 
angle  to  the  horizontal  to  conform  with  the  flange  arrangement  oil  the  combustor 
test  section.  The  light  chopper  and  rectifier  breaker  assembly  used  for  emission 
measurements  was  enclosed  in  box  7. 

Figure  5  is  a  view,  perpendicular  to  the  combustor  run,  •'«  seen  through 
the  observation  window  in  the  test-cell  control  panel.  The  light  chopper.  Cl, 
for  obtaining  absorption  spectra,  its  associated  rectifier  breaker  points,  and 
drive  motor,  3,  were  located  on  the  water  cooled  plate,  1,  The  radiation  from 

axuiij.1i  wio  vrj.Ouoi'  uuuaxiifj,  j ,  waa  x  cxxcuucu  uy  Jiuu  i  ui  jxx,  j-w ,  xni/0  utc  COmuuouOj 

section  through  the  lenses  in  the  lens— window  holder,  3*  The  optica]  path  was 
folded  at  this  point  to  prevent  obstruction  of  the  walk-aisle  alongside  the  com¬ 
bustor  run. 


Immediately  below  the  water-cooled  plate  may  be  seen  part  of  the  mounting 
bracket,  11,  used  to  rigidly  attach  one  end  of  the  monochromator  to  the  ‘junibiistcr 
test  section.  The  other  end  of  the  monochromator  was  hung  from  the  ceiling  by  a 
sling.  This  permitted  the  monochromator  to  move  with  the  combustor  test  section, 
maintaining  proper  alignment  with  the  test  section  and  those  parts  of  tho  spectro¬ 
photometer  attached  to  it.  With  changes  in  operating  conditions,  motion  of  the 
combustor  run  was  significant,  due  to  changes  in  temperature  and  consequent 
expansion  and  distortion  of  the  exhaust  system. 

Two  "cedar— Root  counters  are  visible  in  Figure  5s  Counter  12  indicated 
the  width  of  the  monochromator  slit  in  millimeters.  Counter  13  indicated  the 
rotational  position  of  the  wavelength  scanning  lead  screw  in  units  of  the  standard 
Perfcin-ELmer  wavelength  drum.  These  counters  permitted  reading  the  slit  v/idth  and 
wavelength  drum  position  through  the  control  panel  observation  window  without 
entering  the  test  cell. 

Figure  6  is  a  view  looking  downstream  along  the  combustor  run.  This 
view  Shows  the  gear  train,  14,  and  motor  for  controlling  the  monochromator  slit 
width.  At  the  left  is  the  purge  nir  drying  tower,  15,  containing  15  pounds  of 
Drierite„ 


Figure  7  is  a  view  from  above  the  combustor  run.  The  axis  of  the  mono¬ 
chromator  was  not  perpendicular  to  the  axis  of  the  combustor.  This  was  done  in 
order  to  conserve  the  radiant  energy  available  at  15  microns  by  using  the  refract¬ 
ing  edge  of  the  sodium  chloride  prism.  The  monochromator  was  thermostat ed  at 
ICO  F,  This  low  temperature  was  possible  because  the  test-cell  was  adequately 
vem.ii.ated  and  this  work  was  done  during  ooid  weather.  This  view  also  shows  one 
of  the  two  aligning  pins,  16,  inserted  into  the  combustor  test  section  to  insure 
that  the  flame  tube  did  not  move  with  respect  to  the  housing. 

B-  Combustor  Details 

A  sketch  of  the  flame  tube  in  the  combustor  test  section  is  shown  in 
Figure  a.  The  transverse  spectroscopic  observations  on  the  flames  were  made 
through  l/4-inch  air  inlet  holes  located  diametrically  across  the  tube-  The 
stations  numbered  1,  2,  and  3  indicate  the  J.ocations  used  along  the  axis  of  the 
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FIGURE  8 

DIAGRAM  OF  LABORATORY  SCALE  JET  COMBUSTOR 
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flame  tube.  These  rajrbors  trill  be  used  throughout  this  report  Lo  tasji  gnatc  these 
observation  stations*  Transverse  c!  r*  ovations  were  also  made  downstream  from  the 
florae  queue3,  holes  in  the  combustor  w-b^uct  pas  stream  at  the  stabi  numbered  4, 
These  observations  were  r«xdo  through  bolus  in  flange  IV  shown  in  F.i *  j  v  5. 

Axial  observations  from  the  exhaust  end  wore  i.'auc  throut;:  !wcn  .  «.i. 

window  in  the  eiaiaust  elbow  approximately  45  inches  downstream  fro  tin*  flaiao  -ui >•_: „ 
This  station  is  designated  as  station  5*  An  unobstructed  axial  view  of  the  flame 
was  oHained  from  this  station. 

The  purge  air  used  at  stations  1,  2,  and  3  was  obtained  a}).:  d  of  the 
flow-control  throttling  valve  but  after  the  flow  rite  metering  orifie«  -G.\tes 
Tils  gave  sufficient  pressure  drop  to  maintain  a  positive  flow  cf  air  through  the 
purge  air  injectors  between  the  >otassinm  bromide  '.iadows  and  \h  -  combustor.  Th-i.s 
air  was  a  part  of  the  air  metered  to  the  combustor,  therefore,  it  was  included  in 
the  fuel-air  ratio.  The  purge  air  used  at  stations  4  and  5  was  obtained  ahead  of 
the  orifice  plate.  Therefore,  it  was  not  a  part  of  the  air  metered  to  the  combustor 
and  was  not  included  in  the  fuel-air  ratio. 

Emission  and  absorotion  spectra  were  obtained  at  stations  1,  •?,  3,  and  4. 
but  only  the  emission  spectra  v/as  obtainable  at  5«  All  four  fuels  described  in 
Table  1  were  investigated  for  each  of  these  observation  stations  along  the  com- 
VAistor  under  the  three  conditions  specified  in  Table  II. 


IV.  INFRARED  SPECTRAL  tQ^SURlM'iTS 


The  infrared  spectral  data  obtained  with  the  spectronbotometer  are 
described  below.  This  consists  of  the  raw  la t ere i gr.c s ;> e c t ro  s >h o Aos t r ic  ana 
posteroigncspectrophotometric  data,  The  former  were  obtairied  at  stations  1,  2, 

},  and  4,  the  latter  at  station  5.  Some  of  the  details  concerned  with  obtain ir 
the  data,  the  rel i abi  1  i ty  of  the  data,  and  uethodb  uf  iodveiag  wie  ata  to  njA  1.- 
form  are  also  discussed  below* 

A.  Emission  Spectra 

rhe  3hcrt  wavelength  spectral  region,  O.y  to  5,5  ;  icror.s,  -..as  scan?!..* 
with  a  constant  mono  chroma  tor  slit  width  (usually  U.100  millimeters).  To  :Xk 
taking  of  data  and  maintain  reasonable  recorder  deflections  for  non- luminous 
a  portion  of  the  long  v/avelength  spectrum,  4  to  12, :  -i crons,  was  scaiuic  viL 
constantly  increasing  monochromator  slit  width-.  The  s3V  o  width  varied  liLiea]1* 
from  0.22  millimeter  at  4  nicrons  to  2.0  i.-_P  1  Vr.t  vo  «  12.5  r.  / crons.  The  sV  . 

width  vjh?  h«ld  constant  at  2.0  millimeters  from  12.5  to  15  microns.  The  slit 
continuously  opened  according  to  the  prescribed  schedule  by  using  synchronous 
motors  for  driving  the  monochromator  ravel er- th  -• —  ~*-a  '*  -•* 

uiiu  :aono«Jiix)..^oor  cuts-  The  slit  wiaufc  schedule  -l.jun  in  the  lower  -.r  .a,  .  k 

Figure  9*  The  upper  curve  illustrates  the  effect  cf  t’-  ir.  ~Vf  c-c!”0'"1  '  -  * 

familiar  GVuuar  raciation  curve,  The  G Lobar  was  cp«  ra-..«xl  at.  :’  J  1 
combustor  r o c  t ro : >h c- L o-. :c  l  l:  r  described  above.  The  same  G lobar  v  vvo rr- 

were  used  ?n  obtaining  the  Anfr.ri-d  absorption  spectra  to  be  discus-  -.ate.-. 
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Some  inconsistencies  appeared  t.v.r  spectra  line  t.n  nnt.i  ml  nlimment. 
difficulties  and  flams  tube  distortion.  The  stability  of  the  alignment  was 
improved  during  the  course  of  taking  the  data  so  that  all  of  the  data  do  not 
reflect  the  same  degree  of  reproducibility.  In  addition  to  changes  in  the  align¬ 
ment  reliability  some  of  the  data  are  influenced  by  the  fact  that  the  collection 
of  foreign  matter  on  the  potassium  bromide  windows  was  progressively  reduced 
during  the  early  part  of  this  work.  The  deposition  problems  were  overcome  by 
adequate  drying  of  the  purge  air  and  by  using  the  proper  start-up  procedures. 
Since  this  work  was  something  of  a  survey  project  some  accuracy  was  sacrificed  in 
the  interest  of  decreasing  combustor  operating  time  and  of  covering  a  larger  num¬ 
ber  of  combustor  conditions  and  fuel3. 


Figures  10  through  13  are  snort  wavelength  emission  spectra  of  normal 
heptane,  isooctane,  benzene,  and  toluene  flames,  respectively.  Figures  Ur  through 
17  are  the  corresponding  long  wavelength  spectra.  The  combustor  operating  condi¬ 
tions,  40,  150,  and  450,  are  indicated  on  the  spectra.  These  spectra  were  obtained 
at  the  observation  stations  1,  2,  3,  and  5  reading  from  left  to  right  as  labeled 
at  the  top  of  the  figures. 

The  short  wavelength  spectra  at  positions  1,  2,  and  3  were  obtained  at 
a  constant  slit  width,  0.100  millimeter.  At  position  5  the  slit  width  was  0.C70 
millimeter.  In  order  to  present  the  spectra  on  a  uniform  intensity  scale  the 
information  from  station  5  was  normalized  to  a  slit  width  of  0.100  millimeter  and 
corrections  applied  for  the  length  of  3lit  illuminated  and  for  tho  optical  aper¬ 
ture  of  the  viewing  arrangement.  This  intensity  scale  is  the  same  as  that  used  in 
Figure  9.  The  normalization  to  a  0,100  milUmeter  slit  was  mac’,  by  assuming  that 
at  these  slit  widths  the  recorder  deflection  was  proportional  to  the  square  of  the 
slit  width.  Tiie  lumped  corrections  for  the  lengths  of  the  slit  illuminated  and 
the  optical  aperture  were  obtained  empirically,  as  follows. 

Since  for  any  one  fuel  at  test  conditions  150  and  450  the  4.4  micron 
carbon  dioxide  peak  emission  at  stations  1,  2,  3,  does  not  change  greatly,  the 
peak  intensity  for  station  5  was  assumed  to  be  the  same.  This  assumption  is  based 
on  the  observation  that  the  transverse  absorption  of  the  flames  at  this  peak 
wavolcngth  is  essentially  complete,  thus,  the  cmisoivity  io  essentially  one. 
Therefore,  for  a  particular  temperature,  in  this  case  the  same  flame,  the  peak 
intensity  will  be  constant.  The  same  correction  factor  obtained  Thusly,  l/3,  was 
used  on  all  the  station  5  data.  Except  for  this  1/3  factor  applied  to  the  station 
5  data  the  data  were  transcribed  directly  from  the  recorder  traces  taking  into 
consideration  only  the  changes  in  amplifier  gain  ar.d/or  slit  width  used  to  keep 
the  recorder  deflection  on  scale. 

No  evidence  of  abnormal  radiation  patterns,  other  than  extensions  of  the 
black  byu^y  type  u±  rcuiiauiuuj  wtsx'c  iictcu  j.n  ebe  vj_£>iule  rct.iuu  uuwn  ou  0,1  jillc-l^uo. 
Therefore,  the  spectra  were  not  plotted  for  wavelengths  shorter  than  0.9  microns. 

The  variation  in  the  4.4  micron  peak  intensities  fer  the  station  1,  2, 
and  3,  conditions  150  and  450,  and  the  station  5,  conuition  150,  spectra  io 
probably  a  good  measure  of  the  reproducibility  of  the  alignment  ami  other  instru- 
muutuj.  factiOrs,  loriatiOns  in  riniric  chaructcristics  mil  iccniint  for  oonic  oilier 
variations. 
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BENZENE  FLAME  EMISSION  SPECTRA  (5-15  MICRONS) 
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TOLUENE  FLAME  EMISSION  SFcCTRA  (5-15  MICRONS) 
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The  long  wavelength  spectra  were  scanned  st  twice  the  speed  used  for 
the  short  wavelengths.  The  slit  schedule  shown  in  Figure  y  was  used  for  all 
the  long  wavelen,- th  spectra.  The  same  factor  of  1/3  discuosed  above  for  slit 
illumination  and  optical  aperture  corrections  was  used  in  plotting  the  loru 
wavelength  station  5  spectra.  Again  the  same  intensity  scale  was  used  in 
Figures  14  through  17  as  in  Figures  9  through  13. 

The  short  wavelength  emission  spectra  at  station  4  were  obtained  with 
slit  widths  of  0.100  and  0.140  millimeters.  The  information  transcribed  from  the 
recorder  chart  was  normalized  to  a  slit  width  of  0.100  millimeters.  The  long  wave¬ 
length  spectra  were  obtained  with  the  slit  schedule  in  Figure  9.  The  effective 
length  of  the  mofioehruiiia t or  slit  illuminated  at  station  4  was  somewhat  greater 
than  at  stations  1,  2,  and  3.  However,  the  data  were  not  corrected  for  this  factor 
since  the  intensity  of  radiation  was  so  low.  The  emission  spectra  for  station  4 
are  shown  in  Figure  18. 

B,  Absorption  Spectra 

The  short  and  long  wavelength  flame  absorption  spectra  are  shown  in 
Figures  19  and  20,  respectively.  These  spectra  were  obtained  by  comparing  the 
Globar  energy  curve  with  a  fire  in  the  combustor  to  the  energy  with  no  fire  in 
the  combustor.  Ths  slit  width  schedule  in  Figure  9  was  used.  The  spectra  for 
stations  1,  2,  3j  and  4  are  arranged,  from  left  to  right.  The  spectra  from  top 
to  bottom  are  for  normal  heptane,  isooctane,  benzene,  and  toluene.  The  spectra 
for  test  conditions  40,  150,  and  450  are  indicated  on  the  individual  curves. 

It  will  be  noted  in  Figure  9  that  the  energy  distribution  was  such 
that  the  absorption  spectra  at  wavelengths  shorter  than  one  micron,  or  longer 
than  34  microns,  meant  little  because  of  the  small  amount  of  energy  available. 
Likewise  the  absorption  on  the  short  wavelength  side  of  the  4.4  micron  carbon 
dioxide  absorption  band  was  somewhat  indeterminate  because  of  the  strong  carbon 
dioxide  atmospheric  absorption.  Likewise  the  absorption  in  the  2.6,  6  to  7.5 
and  15  micron  regions  was  influenced  by  changes  in  the  water  and  carbon  dioxide 
absorption  in  the  optical  path  outside  the  flame. 

The  details  of  the  condition  450  spectra  where  the  average  per  cent 
transmission  was  low,  below  30  per  cent,  were  rather  meaningless  since  in  some 
cases  the  signal  to  noise  ratio  was  less  than  one.  The  "noisiness"  of  the  radi¬ 
ation  transmitted  through  the  flames  appeared  to  increase  with  the  average  absorp¬ 
tivity  and  luminosity.  In  general,  the  energy  transmitted  by  the  condition  40 
name  ms  quite  steady,  noise  level  of  the  order  of  one  per  cent,  condition  350 
flame,  5  per  cent,  the  condition  450  flame  up  to  100  per  cent.  In  the  case  of 
emission  the  noise  was  never  larger  than  a  feu  per  cent  of  Liiu  signal.  These 
noise  effects  are  presumably  tied  up  with  the  turbulence  and  density  of  incandes¬ 
cent.  material  in  the  flame.  Flames  having  a  high  spectroscopic  noise  level  were 
visually  "noisy"  with  considerable  fluctuation  in  the 
L,, iy  at  stations  i  and  2, 

Figure  21  shows  the  absorption  spectra  of  the  four  vaporized  fuels  at 
450  inches  of  mercury  eerbustor  pve-sure,  as  observed  at  station  2.  The  raw  fuel 
was  injected  into  the  combustor  in  exactly  the  same  manner  as  it  was  in  the  flame 
studies  except  there  was  no  flame.  The  fuel  and  air  flow  rates  -..’ere  those  used 
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for  test  condition  450.  The  inlet  air  temperature  was  dropped  to  350  F.  There 
are  some  doubts  about  the  validity  of  biifuC  opcctri^  in  t  h c  to  3  '' ' '  5=5  t-o 

6.7  micron  regions.  Those  doubts  arise  because  these  spectra  ware  obtained 
before  the  deposition  of  foreign  matter,  particularly  water’,  on  the  potassium 
bro/nide  windows  was  eliminated. 

Figure  22  shows  the  absorption  spectra  of  the  water  and  carbon  dioxide 
in  ths  complete  optical  system,  ooafcustor  included,  with  40  and  450  inches  of 
mercury  air  pressure  in  the  combustor.  These  spectra  were  obtained  by  comparing 
a  smooth  Olobar  emission  curve,  simulating  low  water  or  carbon  dioxide  absorption, 
to  the  experimental  curve.  The  smoothing  was  done  in  those  spectral  regions  in 
which  an  increase  in  combustor  pressure  gave  a  significant  decrease  in  transmission, 
namely,  at  1.9,  2.6,  4.3,  b,  and  15  microns.  It  will  be  noted  from  these  curves 
that  the  approximately  20  inches  between  the  potassium  bromide  plates  contained  a 
large  part  of  the  effective  atmospheric  absorbing  materials  at  450  inches  of  mercury 
pressure  (15  atmospheres). 


V.  DISCUSSICw 


A.  Infrared  Spectra 

Inspection  of  Figures  10  through  17  indicates  that,  the  experimental 
flames  may  be  classified  into  two  groups.  One  group  in  which  molecular  (band) 
type  radiation  predominates  and  another  group  in  which  black  body  (continuous) 
type  of  radiation  predominates.  Such  a  grouping  agrees  with  the  visual  flame 
characteristics  and  the  designations  non-luminous  and  luminous,  respectively, 
if  more  combustor  conditions  are  subsequently  investigated  more  precise  nomen¬ 
clature  will  be  needed.  The  table  below  summarizes  this  information  for  the  . 
fuels  and  operating  conditions  used  in  this  work. 


rest  C ond.it iun 

Test  Fuel 

40 

150 

450 

Normal  Heptane 

non-luminous 

non-luminous 

luminous 

Isooctane 

n 

it 

Benzene 

« 

luminous 

n 

Toluene 

ti 

w 

it 

In  the  non— luminous  flame  spectra,  the  molecular  bands  centered  at 
1.4,  1.9,  2.9,  and  7  microns  will  be  recognized  as  the  familiar  water  vibrational 
emission  bands.  1'here  may  be  some  contribution  fiom  carbon  dioxide  at  2.7  microns. 
Such  contribution  can  be  evaluated  by  studying  the  spectrum  of  a  carbon  monoxide 
flame.  The  band  in  the  4  to  5  micron  region  was  due  to  carbon  dioxide  vibrational 
emission.  The  carbon  dioxide  emission  in  the  15  micron  region  was  not  obvious. 

sh ?.p —  of  vibrational  ura<5  i  n-Plimnn r»d  +.n  a  lav^fi  dfiproe  bv 

the  absorption  due  to  water  and  carbon  dioxide  and  the  air  path  in  the  optical 
train.  The  absorption  at  1*4  and  1.9  microns  was  due  to  water,  at  2.6  to  water 
and  carbon  dioxide,  at  4.3  ‘-o  carbon  dioxide,  at  6.5  to  water,  and  at  15  microns 
to  carbon  dioxide.  These  absorption  bands  were  particularly  evident  in  the  station 
5  spectra  since  the  radiation  traverses  about  45  inches  of  exhaust  gases  and  air 
at  the  same  pressure  as  the  combustor* 
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In  the  9  to  13  micron  region  there  appeared  to  be  some  coherent 
structure  in  the  emission  curves  for  both  the  non- luminous  and  luminous  flames. 

In  the  light  of  sine  atmospheric  pressure  methane-air  flame  radiation  studies 
made  by  Bell  and  co-workers  (6),  these  bands  may  be  attributed  to  water  emission, 
i'he  upper  part  of  Figure  23  is  a  tracing  of  Bell’s  data.  Part  of  these  data  were 
obtained  at  somewhat  hi#icr  resolution  than  used  in  our  study.  The  detailed 
structure  shown  in  the  6  to  15  micron  region  has  been  attributed  by  Bell  to  water 
rotaticr^l  emission.  Such  rotational  emission  arises  fi-om  two  sources.  At  flame 
temperatures  hi#i«r  rotational  levels  are  excited  than  at  ambient  temperatures. 
Therefore,  the  i  micron  water  vibrational  band  will  have  extended  rotational  struc¬ 
ture.  Further,  the  higher  level  pure  rotational  lines  will  extend  into  this  region 
from  the  20  micron,  region. 

Superhjposod  on  this  hi#!  resolution  curve  is  a  dotted  curve.  Thi3 
dotted  curve  is  a  visual  integration  which  shows  what  this  curve  might  look  like 
at  the  resolution  used  in  the  high  pressure  work.  There  may  be  considerable 
prejudice  in  this  integration;  however,  it  serves  as  a  basis  for  comparison.  The 
lower  part  of  the  Figure  23  is  a  reproduction  of  a  natural  pas-air  flame  spectrum 
obtained  while  preparing  the  spectrcshotome+.ric  equipment  for  the  jet  combustor 
investigation.  The  resolution  ’tied  here  i3  comparable  to  that  used  in  the  jet 
combustor  woric.  The  monochronator  slit  widths  usod  are  indicated  on  the  curve, 

Tlie  natural  gas-air  flame  was  produced  in  the  standard  Globar  housing  that  is 
normally  used  on  a  laboratory  Perk in- Elmer  spectrophotometer.  A  screen  wa3 
placed  just  below  the  opening  in  the  side  of  the  Globar  housing  and  natural  ga3 
(96  per  cent  hydrocarbon)  was  injected  into  the  housing  from  below.  The  gas  was 
ignited  above  the  screen. 

It  will  too  aeon  on  inspection  that  the  details  of  this  low  resolution 
spectrum  correlate  very  well  with  the  dotted  curve  above.  Further,  these  details 
correspond  to  those  noted  in  the  9  to  13  micron  region  of  the  jet  combustor  flame 
spectra.  In  the  station  5,  condition  450,  spectra  the  sense  of  3ome  of  these 
details  is  rsversed.  This  arises  since  with  the  long  column  of  exhaust  gases  in 
tbs  optical  Foih  iue  absorption  due  to  the  exhaust  gases  predominates  over  the 
emission.  It  should  be  possible  to  determine  whether  the  increase-  in  emission 
from  10  to  13  microns  is  due  to  water,  carbon  dioxide,  or  stripped  carbon  chain 
emission  by  studying  the  spectra  of  hydrogen  and  carbon  monoxide  flames  in  atmos¬ 
pheric  pressure  burners. 

# 

One  characteristic  of  a  molecular  flame  emission  band  is  that  the' wave¬ 
length  distribution  does  not  correspond  to  that  of  the  atmospheric  absorption* 

A  large  part  of  tbs  emitted  radiation  appears  at  longer  wavelengths  than  the  at- 
auaj.fdric  absorption  bands.  This  may  be  explained  by  the  fact  that  the  emitting 
gas  is  at  a  higher  temperature  than  irvi  atmospheric  absorbing  gas.  At  elevated 
temperatures  Uw  papulation  of  tbs  energy  states  of  the  molecules  is  different 
from  that  at  lower  temperatures.  The  wavelengths  of  the  emission  or  absorption 
resulting  f .  on  transitions  between  the  higher  energy  states  will  not  coincide 
exactly  with  tbs  transitions  between  the  two  lowest  states.  This  situation  arises 
i*c,iuu  general,  tbs  molecule  is  in  curia  i.-jr-nic  oscillator  rather  than  a  har¬ 
monic  one.  The  correspondence  between  the  molecular  flame  emission  wavelength 
distribution  and  the  flame  absorption  distribution  can  be  seen  by  inspection  of 
Figures  10  through  20,  -Since  the  an-hsrraonisity  should  increase  at  higher  energy 
states  the  flame  absorption  and  emission  bands  should  broaden  tosar-d  longer  wave¬ 
lengths  as  tbs  flame  temperature  is  increased.  This  effect  is  also  evident 
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if  the  atmospheric  absorption  of  carbon  dioxide  at  4 . 3  microns  n  the  station  1, 

2,  and  3  emission  spectra  is  compared  v'th  the  hot  exhaust  gas  absorption  in  tbs 
station  5  emission  spectra.  Alac  a  comparison  of  the  flame  absorption  spectra 
at  stations  1,  2,  and  3  with  the  cooler  station  4  absorption  and  the  atmospheric 
absorption  shows  the  same  type  broadening  of  the  absorption  band  with  temperature. 

The  spectra  of  the  non- luminous  flames  show  a  small  background  of 
continuous  radiation  while  in  the  luminous  flame  speotra  the  continuous  radiation 
obscures  moloeular  radiation.  In  the  oases  of  intermediate  luminosity  molecular 
radiation  peaks  are  superimposed  on  the  continuous  background.  The  absorption 
rt i .w yr:  g  r.jw-vw  »Uaf  j »  +Va  cjj2  ef  str»2g  solsculs*  ssissioii  ♦  Kg  sbsorptiTity  — s 
higher  than  the  background.  As  the  luminosity  of  the  flame,  increases,  as  evidenced 
by  the  increased  intensity  of  the  continuous  radiation,  the  molecular  bands  become 
lesa  pronounced.  It  will  be  noted  that,  for  those  flames  where  the  average  absorp¬ 
tion  is  nearly  complete  the  continuous  radiation  at  4.4  microns  is  no  more  intense 
than  the  molecular  radiation  under  less  luminous  conditions.  Therefore,  for  the 
central  portion  of  this  band  the  emlssivity  Is  essentially  one  in  the  two  inch 
dismster  combustor  at  pressures  above  150  inches  of  mercury.  That  is,  the  radi¬ 
ation  intensity  at  this  wavelength  la  equal  to  that  of  a  black  body  operating  at 
the  temperature  of  the  flame. 

The  emisslvlty  of  the  flame3  seem  to  be  scmsrhat  lees  on  the  average 
in  the  8  to  14  micron  region  than  it  is  in  the  2.5  micron  region.  This  may  be  a 
function  of  the  particle  size  of  the  incandescent  material  present  in  the  flame, 
particularly  in  those  luminous  flames  in  which  there  is  little  or  no  exhaust 
smoke  due  to  burning  of  the  carbon  formed  in  the  flame  zone. 


S.  Black-Bodv  Considerations 


In  order  to  etudy  the  relationship  between  the  continuous  flame  radiation 
in  luminous  flames  and  black  body  radiation  the  Globar  emission  was  compared  with 
a  theoretical  black  body  operating  at  the  same  temperature  as  the  Globar.  It  was 
necessary  to  take  into  account  the  dispersion  of  the  monochromator,  tbe  effective 


bj.iv  niukM  Ox  vuo  luvuuvj/i  Guiavw/.  buu  uuw  Ouixoiox  v.x Ox  wic»  uxOv/ai  xu  ual  uoi  vu  rnuiiu 

an  approximate  comparison.  The  dispersion  data  wars  obtained  from  the  wavelength 
calibration  of  our  monochromator.  The  emlssivity  of  the  Globar  and  tho  variation 
cf  effective  slit  width  with  wavelength  were  taken  from  information  published  by 
Bell  (6).  Ho  account  was  taken  of  the  variation  in  thermocouple  blackness  with 
wavelength  of  radiation  striking  it  or  linearity  of  thermocouple  response. 


Figure  24  is  a  comparison  cf  the  short  wavelength  experimental  Globar 
radiation  curve  with  a  theoretical  1600  K  Globar.  The  temperature  of  the  Globar 
was  measured  by  means  of  an  optical  pyrometer*  The  theoretical  curve  was  obtained 
by  calculating  the  1600^4  ^black  bod^  radiant  energy  distribution  by  Planck's 
equation  —  ox  A  ''**  —  .  2^  la  the  raulaut  energy  per  unit  area 

per  unit  increment  of  wavelength,  X  ,  T  Is  tbe  absolute  temperature,  Cq  and  Cg 
are  constants,  and  e  is  the  Napierian  base.  This  theoretical  black  bodj  curve 
was  than  subjected  toj^he  dispersion  curve  of  the  monochromator  by  moans  the 
relation  =  k  by  juw.,  i^  is  the  intensity  of  radiation  as  measured  by  the 
HijftP.tTffiihnt.ftEitci’j  k  Tn  a  normalising  factor  and  — is  the  dispersion  at  wave¬ 
length  X  in  terms  of  the  monochromator  wavelength  (Lrum  scale  readings,  s.  The 
curve  thus  obtained  wes  further  modified  to  take  into  account  the  emicsivity  of 
the  Globar  and  the  variation  in  effective  slit  width.  Because  of  the  variation 
in  effective  slit  width  the  recorded  intensity  I;,  is  related  to  1^  by  relation¬ 
ship  I ^  (Se/S)  »  Se  and  S  are  the  effective  and  geometrical  slit  widths. 
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respectively,  which  ar-3  rsIn*od  by  Se  =  3  -•  1.7  A  *  The  effect  of  variation  of 
lens  focal  length  with  wavelength  wac  not.  taken  into  account.  The  slit  width 
used  was  the  standard  Figure  9  slit  width,  0.100  millimeters.  The  normalization 
factor  used  will  be  discussed  in  connection  with  Figure  25,  The  agreement  between 
the  experimental  and  theoretical  Globar  curves  is  sufficiently  close  to  warrant 
the  comparison  between  the  continuous  flame  emission  and  theoretical  black  body- 
radiation  curves. 

Figure  25  shows  the  relationship  between  the  station  5,  condition  450, 
Figure  13,  toluene  flame  emission  and  the  theoretical  black  body  radiation  curves 
for  1800  K  and  2000  K.  Both  of  the  black  body  curves  have  boon  normalized  to  the 
same  peak  intensity.  In  this  case,  the  same  corrections  were  applied  to  the  black 
body  curves  as  were  applied  for  the  theoretic*!  curve  in  Figure  24  except  that,  the 
geometrical  alit  width  here  is  0.07  millimeters.  The  normalization  factors  used 
for  the  2200,  1800,  and  1600  K  (Figure  24}  theoretical  curves  were  in  the  ratio  of 
0.47,  1,  and  0.3S;,  respectively.  The  factor  of  nearly  three  between  the  1800  and 
1600  K  curves  is  in  large  measure  due  to  the  losses  of  radiation  encountered  ic 
the  imaging  of  the  Globar  in  the  flame  tubs  and  inaccuracies  in  focusing  the  final 
infrared  image  at  the  slit  of  the  monochromator. 

Except  for  the  spectral  regions  where  the  exhaust  gas  and  atmospheric 
absorptions  are  evident  the  toluene  flame  emission  curve  agrees  quite  well  with 
the  1800  K  theoretical  curve.  This  indicates  that  at  wavelengths  shorter  than  6 
mlorons  the  continuous  radiation  is  indeed  very  nearly  black  body  in  character. 

The  deviation  between  the  theoretical  1800  K  and  the  station  5  toluene 
flame  emission  spectrum  at  wavelengths  shorter  than  about  one  micron  is  probably 
due  in  part  to  smoke  absorption.  There  appears  to  be  little  change  in  the  intensi¬ 
ties  at  wavelengths  greater  than  one  micron  with  large  changes  in  exhaust  smoke 
concentration  although  the  visible  radiation  was  almost  completely  obliterated 
in  soma  cases  at  station  5  by  the  28  inch  column  of  smoke.  Also  under  conditions 
of  high  emissivity  the  intensity  of  the  radiation  at  stations  1  and  2,  with  no 
smoke  between  the  rlame  and  observer,  is  cospcrrblc  with  the  «+»t.ir>n  *>  intensitv. 
This  indicates  that  the  smoke  as  such  in  the  exhaust  had  little  influence  on  the 
amount  of  infrared  radiation  from  the  toluene  flame  reaching  an  observer  at 
station  5. 


However,  examination  of  the  Tigure  12,  station  5,  benzene  spectra  shows 
greater  infrared  radiation  absorption  by  the  smoke.  In  this  case  the  condition 
150  spectrum  at  wavelengths  greater  than  2. 5  microns  has  about  the  same  shape  as 
the  condition  450  spectrum,  but  the  latter  curve  falls  below  the  condition  150 
curve  at  wavelengths  loss  than  2.5  microns.  This  reduction  in  radiation  intensity 
due  to  smoke  increases  as  the  wavelength  decreases.  The  greater  reduction  in 
radiation  intensity  Ovo  i  ii  bresds?  wavelength  band  in  the  case  of  benzene  probably 
is  associated  with  the  amount  and  kind  of  smoke, 

C,  Flame  Temcerature 

The  shape  of  the  dispersion  function  of  the  sodium  chloride  prism 
monochromator  changes  ths  shape  of  the  familiar,  linear  in  wavelength,  black 
body  energy  distribution.  The  small  dispersion  in  the  two  to  four  micron  region 
peaks  the  radiation  curve  very  sharply.  If  the  linear  in  wavelength  radiation 
Intensity  peak  occurs  at  wavelengths  less  than  three  microns  the  prism  dispersed 
intensity  peak  is  at  longer  wavelengths.  The  displacement  of  the  prism  peak 
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THEORETICAL  BLACK  BODY  AND  HIGH  PRESSURE 
TOLUENE  FLAME  EMISSION  SPECTRA 
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toward  longer  wavelengths  increases  with  decrease  in  the  wavelength  of  the  linear 
in  wavelength  intensity  peak,  i.o.,  at  higher  temperatures,  at  1600  K  the  prism 
intensity  peak  shifts  about  0.1  micron  for  a  change  in  temperature  of  about  300  K. 
The  share  and  peak  wavelength  of  the  continuous  radiation  for  the  luminous  flames, 
as  well  as  the  intensity  in  the  four  to  five  micron  region  for  all  flames  at 
conditions  150  and  450,  indicates  that  the  temperatures  are  nearly  the  same  for 
all  the  flames.  Further,  the  luminous  material  in  the  flame  appears  to  be  at  the 
same  temperature  as  the  carbon  dioxide  gas  in  the  flame. 

Inspection  of  the  sp30tra  indicates  that  the  length  of  the  primary 
combustion  >one  far  the  two  aromatic  fuels  is  less  than  for  the  two  paraffinic 
fuels.  This  is  shown  primarily  by  the  change  of  the  station  3  radiation  from 
luminous  to  non-lumlnous  at  condition  150.  This,  coupled  with  the  higher  emiiv- 
sivity  of  the  two  aromatio  flames,  and  the  consequent  cooling  by  radiation  loss 
may  well  account  for  the  apparent  constancy  of  temperature  although  the  heat  re¬ 
lease  for  the  two  aromatic  fuels  is  about  10  per  cent  loss  than  for  the  two  paraf¬ 
finic  fuels.  In  addition,  benzene  and  toluene  flames  aro  cooler  wnen  compared  to 
normal  heptane  and  isocctane  flames  due  to  their  increased  carbon  formation. 

It  has  been  pointed  out  (?,  is),  that  the  intensity  of  the  4.4  micron 
carbon  dioxide  emission  would  be  a  good  measure  of  the  flame  temperatures.  In 
tha  case  of  the  jet  combustor  it  appears  that  the  residence  time  within  the  pri¬ 
mary  combustion  none  is  sufficient  to  establish  an  apparent  thermal  equilibrium 
between  the  incandescent  particles  and  the  gas  molecules.  Within  the  primary  , 
combustion  zone  of  the  turbulent  flames  observed  hero  probably  in  excess  of  10° 
collisions  occur  per  molecule.  With  s  '•''■laonable  degree  of  interaction,  on 
collision,  between  translation  and  vibrational  excitation  some  degree  of  equi¬ 
librium  between  translational  and  vibrational  temperatures  may  be  expected. 

Since  the  amiss lvity  of  the  carbon  dioxide  radiation  is  essentially 
one  fox-  the  two  inch  combustor  at  pressures  above  150  inches  of  mercury  and  would 
approach  one  at  lower  pressures  in  larger  scale  combustors,  the  intensity  of  the 
carbon  dioxide  4.4  micron  radiation  snouia  serve  as  a  good  radiation  thermometer. 

It  would  bo  unaffected  by  the  lumixiueily  of  the  flame  ana  tne  temperature  of  the 
combustor  walls  seen  through  the  flamo.  By  making  the  measurement  at  a  wavo length 
slightly  longer  than  tha  atmospheric  absorption  band  the  measurement  would  be 
independent  cf  the  external  optical  path  lengths.  Since  the  emission  band  broadens 
toward  longer  wavelengths  with  increase  in  temperature  and  the  intensity  increases 
as  a  power  greater  than  one  with  tne  temperature,  the  relative  accuracy  of  such  a 
pyrometer  should  increase  with  increased  temperature.  Since  the  incandescent  par¬ 
ticles  appear  to  be  in  thermal  equilibrium  with  the  gas  it  would  be  reasonable  to 
expect  the  carbon  dioxide  molecules  to  be  nearly  in  thermal  equilibrium  with  other 
”855“  ^ "  ^.h**  J2£jS3t 


Figure  — m  the  thcci  etloul  •relationship  oe  tween  the  Intensity  of 

the  4.4  micron  emission  (emissivity  of  one)  and  temperature.  The  intensity  3cal8 
as  well  as  the  dispersion  and  slit  width  corrections  are  the  same  as  those  used 
in  the  1800  K  theoretical  curve  in  Figure  25. 

D.  Total  Radiation  Uaasureiasnt 


The  total  radiant  energy  per  unit  area  per  unit  time,  E,  emitted  by  a 
blaek^body  is  the  area  under  Planck's  radiation  intensity  versus  wavelength  curve. 
E  =  f  *  Ey,  dA  -  where  Ap  and  A2  define  the  wavelength  interval  being  considered. 
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FIGURE  26 

RADIATION  INTENSITY  AT  4.4  MICRONS  VS  TEMPERATURE 


RADIATION  INTENSITY,  0.100  MM  SLIT  WIDTH 
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If  Iji  is  the  radiation  intensity  at  wavelength  A  as  seen  by  the  spectrophotometer 
neglecting  dispersion,  effective  slit  nidth,  ole.;  then  ~  kSA  and 
E  =  l/k  /  I  d\  The  infrar®^  spectrum  is  usually  obtained  at  constant  slit 
J  Ai  ^ 

width  but  with  a  dispersion  which  is  a  function  of  wavelength.  Therefore,  the 
speetrophotometrlc  spectrum  of  the  black  body  will  not  look  like  the  usual  Planck's 
curve. 


Taking  dispersion  into  account  but  assuming  a  uniformly  black  receiver 
and  a  constant  effective  slit  width,  the  intensity.  Ik  „  at  wavelength  A  will  bs 
recorded  by  the  spectrophotometer  as  1'^  *  1  y -gA. .  '^A-  is  the  dispersion  in 

terms  of  .velssgth  A,  end  the  spectrometer  drum  scale,  s.  Rewriting  in  terms  of 
the  drum  scale  Is  *  I*  “  Ix4g  describee  the  intensity  which  will  be  recorded 
at  drum  reading  s.  Changing  variables  from  A  to  s  by 

d'A 

ponding  8j_  and  sj 

r82 


by  the  spectrophotometer  at  drum  reading  a.  Changing  variables  from  A  to  s  by 

f  A-  da  and  changing  the  limits  of  integration  from  and  A  g  to  the  corres 


-  l/k  / 

j  n 


fr¬ 


it 

d3 


ds 


1AJ. 


I'  ds. 


rhua  except  for  second  order  corrections  das  to  change  in  effective  slit  width  as 
a  function  of  wavelength  £se  *  f  (  A )]  and  variation  In  blackness  of  the  detector 
with  wavelength  [Senaitlvity  =  f (  A  )]  it  is  valid  to  integrate  the  spectrum  as 
obtained  from  the  spectrophotometer  to  obtain  the  total  energy. 


At  a  temperature  of  1800  K  about  yO  per  cent  of  the  ru, nation  emitted 
by  a  black  body  will  be  emitted  at  wavelengths  shorter  than  five  microns.  This 
percentage  drops  to  about  85  per  cent  at  1600  K  and  rises  to  more  than  95  per  cent 
at  2500  K.  Therefore,  in  studying  the  total  radiant  energy  from  luminous  flames 
the  uncertainty  induced  by  ignoring  radiation  of  wavelengths  greater  than  about 
five  microns  will  not  seriously  prejudice  our  results.  In  the  discussions  that 
follow  all  energy  integrations  are  over  the  range  0.87  to  5.8  microns.  The 
uncertainty  introduced  in  the  caBe  of  the  non-lumlnous  flames  is  somewhat  larger. 
The  uncertainty  of  ths  trends  deduced  from  ths  data  is  probably  no  larger  then 
that  due  to  lack  of  reproducibility  of  both  flame  conditions  and  ln3trurasnt 
alignment. 


Another  source  of  error  is  the  contribution  of  energy  by  the  flame 
tube  which  is  measured  as  flams  radiation.  In  figure  25  ths  70C  K  curve  shows 
the  scale  of  the  contribution  to  be  expected  from  ths  iiame  tube  if  the  area  of 
the  flame  tube  observed  by  the  spectrophotometer  is  the  saoa  as  the  area  of  the 
flame  observed.  In  the  case  of  nou-.luuinous  flames  this  may  become  .a  sizable 
portion  of  ths  total  radiation  at  wavelengths  shorter  than  5.8  microns. 

Considering  the  non-luminous  flame  spectra  in  figures  10  through  13 
the  continuous  radiation  present  may  be  approximately  synthesized  from  one  700  1 
and  1800  K  curves  of  figure  25.  iiakiii;  such  a  synthesis  visually  ana  transcribing 
the  results  in  graphical  form  gives  the  data  shown  in  Figure  27.  This  is  a  plot 
of  the  per  cent  of  radiation  in  the  0,8  to  5.8  micron  region  due  to  molecular 
radiation  of  carbon  dioxide  and  water  together  with  t!»  continuous  radiation  due 
to  the  flame  tube  walls  (700  %}  and  the  inc  unde  scent  material  in  the  flame 
(1300  K)  versus  observation  station  along  the  flame  tube  for  the  four’  fuols. 
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The  curves  are  labeled  as  to  the  sources  of  the  .■■adistion  (COy,  KjO,  re,  and  G) 
and  tile  combustor  operuting  conditions  (40  and  150).  Fe  and  C  represent  the 
contributions  due  to  the  flame  tube  and  the  incandescent,  material,  respectively. 

The  aliove  flame  tube  contribution  is  included  in  the  total  radiant 
energy  in  the  data  shown  in  Figures  28  and  29.  Further-,  no  corrections  are 
applied  for  effective  slit  width,  receiver  blackness,  smoke,  or  atmospheric 
absorption. 

Frow  tb*  Stefan-Roltsmann  relationship,  Ej  =  d"  T^,  ths  total  radiation, 
Eji,  emitted  by  an  1800  5  black  body  is  19.55  Btu  per  square  foot  per  hour.  The 
area  under  the  1800  K  ourve  of  Figure  25  was  integrated  and  the  resulting  area 
set  equal  to  ths  19.55  Btu.  Using  this  information  the  integrated  area  obtained 
from  the  experimental  flame  curves  were  then;  converted  to  Btu's  per  square  foot 
per  hour  and  plotted  as  such  in  Figures  28  atd  29. 

in 

Figure  28  shows  the  variation  of  radiation  intensity  with  position 
along  tlw  axis  of  the  combustor  for  individual  fuels  at  the  three  test  pressures. 
The  data  are  for  observation  stations  1,  2,  3,  and  4. 

Figure  29  ahows  the  variation  of  radiation  intensity  with  fuel  type  at 
teat  conditions  40,  150,  and  450  for  obearration  stations  1,  2,  3,  and  5.  Corrob¬ 
orating  the  earlier  observations  presented  in  Reference  1,  it  should  be  noted 
that  the  total  radiation  intensity  at  station  5  decreased  for  the  two  aromatic 
fuels  when  the  combustor  pressure  was  raised  from  150  to  450  inches  of  mercury. 
This  effect  was  most  pronounced  for  benzene.  This  probably  can  be  attributed  to 
the  smoke  in  the  exhaust  gases  between  the  flame  and  station  5. 

Ths  information  in  Figure  30  is  of  a  more  speculative  nature.  »a 
assumed  that  the  density  and  character  of  the  flame  would  not  be  changed  in  going 
to  larger  more  practical  sized  combustors.  The  scaling  factors  used  were  3X  for 
diameter  and  2X  for  length  of  the  primary  combustion  zone.  Figure  30  then  shows 
tor  a  hypothetical  six-inch  combustor  the  radiation  intensity  variation  with  fuel 
type  at  comparable  operating  conditions  for  various  positions  around  the  flame 
corresponding  to  ct.at.icns  1,  2,  3,  and  5  in  the  .laboratory  3cale  combustor.  The 
station  5  situation  indicates  the  radiation  intensity  to  which  a  turbojet  engine 
turbine  nozzle  might  be  exposed.  These  data  were  further  simplified  by  assuming 
that  the  paraffinic  fuels,  normal  heptane  and  isooctane,  were  nearly  alike  and 
that  the  two  aromatic  fuels,  benzene  and  toluene,  were  nearly  alike. 

These  extrapolations  indicate  that  at  low  pressure  and  high  velocity, 
test  condition  40,  there  appears  to  be  little  significant  variation, with  fuel 
type,  it  intermediate  pressure  with  reduced  velocity,  test  condition  150,  there 
rers  significant  differences  in  tl»  iuulaul  ouoigy  emitted  by  paraffinic  and 
aromatic  flames  as  seen  from  stations  1,  2,  and  5  (nozzle).  At  high  pressure 
situ  velocity  the  same,  test  condition  450,  there  appears  to  be  less  change  in 
radiation  intensity  with  fuel  type.  At  station  3  the  differences  between  the 
two  fuel  tvrjes  were  not  lnr»  frvw  nriy  operating  condition. 

In  making  instrumental  measurements  of  total  radiant  energy  by  means  of 
a  total  radiation  pyrometer  using  a  black  detector  the  transmission  characteristics 
of  a  combustor  window  material  are  important.  If  the  radiation  is  limited  to  wave¬ 
lengths  less  than  2,5  miorona  by  the  uso  of  fyrex  or  Vycor  window  material,  then 
the  amount  of  radiation  measured  may  give  little  indication  of  the  amount  of  radi¬ 
ation  present.  The  transmission  spectrum  of  a  typical  Vyccr  combustor  window  is 
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FIGURE  28 

RADIATION  INTENSITY  VS  POSITION  ALONG  COMBUSTION 


FIGURE  29 

RADIATION  INTENSITY  VS  OPERATING  CONDITION 
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FIGURE  30 

RADIATION  INTENSITY  FOR  EXTENDED  COMBUSTOR  DIMENSIONS 


RADIATION  INTENSITY:,  0TU/FT2/HR 
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shown  J n  Figure  31.  For  1300  K  flams  ho  ratio  of  ths  amount  of  radiation 

measured  to  the  total  will  vary  from  a  few  per  cent  (about  2)  to  about  60  per 
cent  depending  upon  the  luminosity  of  ths  flame.  The  emi3sivity  of  the  continu¬ 
ous  radiation  in  a  two-inoh  burner  varies  o-  --  wide  limits  from  0.01  to  essentially 
one*  In  the  aop— lumiaouB  flame  only  a  emal..  ,iern«rtaga  of  the  molecular  radiation 
for  small  scale  flames  lies  at  wavelengths  leas  than  2.5  microns. 


4s  pointed  out  previously  shout  90  per  cent  of  the  continuous  radiation 
from  an  1800  K  black  body  is  at  wavelengths  shorter  than  5.5  microns.  Probably 


shorter  than  this  5.5  microns.  Thus ,  based  on  the  combustor  spectral  data  shown 
hers,  if  observations  of  flame  radiation  are  made  through  sapphire  windows  the 
data  should  give  fairly  reliable  indications  of  the  total  amount  of  radiation 
present.  However,  if  the  observations  are  to  be  made  through  long  columns  of  ex¬ 
haust  gases  the  absorption  of  the  smoke  mu3t  be  taken  into  account.  The  trans¬ 
mission  spectrum  of  typical  sapphire  and  quarts  combustor  windows  are  shown  in 
Figure  31. 


There  would  be  some  advantage  to  extending  the  limiting  wavelengths  to 
ten  microns  by  using  calcium  fluoride  windows.  This  would  include  about  98  per 
cent  of  tha  1800  it  continuous  radiation,  a  corresponding  larger  proportion  of  ths 
molecular  radiation  would  be  included.  However,  the  gain  in  the  larger  fraction 
of  energy  obtained  would  probably  not  offset  the  advantages  of  using  the  more 
rugged  sapphire  rather  than  the  soft  and  somewhat  fragile  calcium  fiuoride. 

5.  Combustion  Process 

in  the  infrared  absorption  spectra  of  the  experimental  flames.  Figure 
19,  the  absorption  due  to  carbon-hydrogen  stretching  vibration  at  3.4  microns 
appears  irregularly  and  is  not  strong  compared  to  the  raw  fuel  absorption  in 
Figure  21.  The  3.4  micron  absorption  is  recognized  only  at  test  conditions  40 
and  150.  Further,  it  appears  most  frequently  at  stations  1  and  2.  This  suggests 
that  upon  ■srrJ-a-.Mt-.r  ~ Caries biuu  &uiie  the  hydrogen  is  iuuueuin  ieiy  stripped  from 
the  carbon  chains  by  molecular  collision  or  radiation  absorption  (vibrational 
excitation). 

A  comparison  of  the  radiation  spectra  of  the  experimental  flames  and 
the  absorption  spectra  of  the  fuels  indicates  that  the  radiative  transfer  of 
energy  from  the  flame  to  the  fuel  is  a  somewhat  inefficient  process.  This  Is 
particularly  evident  in  non-lurainous  flames  where  the  molecular  radiation  bands 
of  the  flame  do  not  coincide  with  the  absorption  bands  of  the  fuel.  In  the  lumi¬ 
nous  situation  ths  fuel  absorbs  over  spectral  rsgions  containing  about  10  per 
cent  of  the  available  energy.  This  is  the  result  of  tho  nigh  intensity  of  the 
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VI.  SOPPDBMBHTARY  MS.iSURSliENTS  OF  COMBUSTION  ChEAHblNESS 


Previous  studies  (Reference  1)  have  indicated  a  possible  corr«ia L 
between  the  intensity  of  flame  radiation  and 

(1)  combustor  metal  temperature, 

(2)  combustor  metal  loss  rate, 

{3)  combustor  deposit  formation  rati”,  and 
[U)  exhaust  gas  smoke  density. 
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FIGURE  31 

TRANSMISSION  PROPERTIES  OP  WINDOW  MA I  S.KIALS 


PERCENT  TRANSMISSION 
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These  combustor  performance  variables  are  apparently  interrelated  by  pyrolytic 
carbon  formation,  end  therefore  have  been  grouped  under  combustion  cleanltr*"" 

To  further  investigate  this  pre-rse  .cpplomaatary  measurement  e  were  made  of  these 
four  parameters  in  conjunction  with  the  principal  flame  radiation  investigation, 
using  the  same  four  test  fuels  described  in  Table  I  and  three  test  conditions 
detailed  in  Table  II. 

A .  Goabustor  Metal  Temperature 

Combustor  metal  temperature  has  been  measured  in  past  studies  by  welding 
chromel-alumei  thermocouples  to  the  outer  surface  of  the  flame  tube,  because  of 
convective  and  conductive  heat  transfer  this  technique  does  not  present  a  true 
pioture  of  tbs  flaae  tube  inner  surface  temperature .  It  was  also  unsatisfactory 
because  of  the  poor  durability  of  the  thermocouples  and  the  difficulty  in  asnnm 
bling  suoh  combustor  test  sections.  Therefore,  the  flame  tube  and  its  related 
outer  steel  housing  were  modified  for  this  test  program.  Ten  adjustable  immersion, 
cloced-end,  1/I6~lnch  diameter,  Coramo,  chrome  1-aluael  thermocouples  were  inserted 
through  fittings  in  the  combustor  wall  which  were  aligned  with  holes  in  the  flame 
+.liVw*  nn  +.Vi*+-  thfti?  f»wn»ysif)iya  oAnalng  Hno  fittsd  HRIlgly  fJld  yf5J5  flllsh  *ith  "tllf? 
flame  tube  inner  surface.  The  locations  of  the  thermocouples,  which  were  in  two 
rows  on  opposite  sides  along  the  axis  of  the  combustor  flame  tube,  are  indicate--? 
in  Figure  32.  Subsequent  testing  has  suggested  thaw  flame  t-oe  distortion,  \'e suit¬ 
ing  in  biow-by  cooling  of  thermocouples,  may  have  produced  indicated  temperature 
too  low  by  several  hundred  degrees  F. 

The  detailed  flame  tube  inner  surface  tampeiature  data  obtained  s..o 
presented  in  Table  III.  To  more  clearly  show  the  effect  of  the  t’- -w  combustor 
operating  conditions,  the  averaged  data  are  plotted  separately  for  each  of  the 
four  test  fuels  in  Figure  33.  These  plots  allow  interpolation  of  flame  tube  inner 
surface  temperature  at  the  locations  surveyed  for  flame  radiation.  The  combustor 
sotal  temperature  data  thus  obtained  are  plotted  in  Figure  34  5  facilitate  com¬ 

parison  with  Figure  29. 

Comparison  of  the  combustor  metal  temperature  uutu  in  figure  )L,  with 
the  total  flame  radiant  energy  data  in  Figure  29  shows  that  a  general  correlation 
does  exist  between  these  two  variables. 

The  date  illustrate  quite  clearly  that  increases  in  flame  tube  inner 
surface  terperature  usually  accompany  increased  combustor  operating  pressure. 

while  the  hydrocarbon  structure  of  the  test  fuels  showed  little  influence 
upon  flame  tube  inner  surface  temperature  at  the  lowest  combustor  operating  pres¬ 
sure,  the  primary  combustion  zone  ran  up  to  several  hundred  degrees  hotter  with 
the  two  aromatic  fuels  at  the  intermediate  pressure  operating  condition,  150. 

This  correlates  with  the  higher  emissivity  and  shorter  flame  lengths  shown  in 
Figure  2i3  at  the  intermediate  pressure  with  these  aromatic  fuels.  It  is  interest¬ 
ing  tc  ..ots  that  at-  the  highest  pressure  operating  condition,  450,  these  differences 
in  combustor  motel  temcerature  diminish  again.  This  probably  is  the  result,  at 
some  locations  -e  shown  in  Figure  33,  of  a  decrease  in  metal  temperature  with  the 
two  aromatic  fusls*  A  c.omparabis  daci-*£bs  in  radiation  intensity  was  also  observed 
with  the  two  aromatic  test  fuels  at  station  5  in  Figure  29,  which  is  in  agreement 
with  the  preliminary  observations  presented  in  Reference  1.  In  toe  latter  case, 
where  operating  conditions  were  oven  more  conducive  to  pyrolytic  carbon  formation, 
the  decrease  in  radiation  intensity  obtained  with  the  aromatic  test  fuel,  benzene, 
was  of  sufficient  magnitude  to  result  in  an  actual  reversal,  with  the  paraffinic 
teat  fuels,  normal  heptane  and  iseoepane,  producing  higher  radiation  intensities. 
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FIGURE  32 

DIAGRAM  OF  COMBUSTOR  SHOWING  THERMOCOUPLE  LOCATIONS 
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FIGURE  33 

FLAME  TUBE  TEMPERATURES 
VS  POSIT! ON  ALONG  COMBUSTOR 
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TEST  CONDITION 
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FIGURE  34 

FLAME  TUBE  TEMPERATURE  VS  OPERATING  CONDITION 


FLAME  TUSE  TEMPERATURE. 
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Methods  for  reducing  lie  higher  primary  combustion  tone  vail  temperatui 
obtained  with  similar  aromatic  fuels  are  suggested  by  the  apparent  independence  c 
the  flame  tube  inner  surface  temperature  with  respect  to  fuel  type  following  t.ne 
first  major  injection  of  secondary  quench  air,  os  indicated  by  the  tnermccoucles 
E-K'.  Dnification  of  combustor  design  to  increase  the  channels  for  conductive 
host  transfer  and  organization  of  floe  patterns  for  control  of  convective  heat 
transfer  are  indicated;  however,  simple  isolation  of  the  primary  combustion  zone 
wall  by  radiation  shielding  would  be  of  considerable  benefit. 

B •  Combustor  Metal  loss  Rate 

a  measurement  of  combustor  durability  m»  obtained  from  the  difference 
in  cleaned  flame  tuba  weight  oefore  and  after  testing.  The  Type  304  stainless 
steel  flame  tubes  were  thoroughly  cleaned  of  all  deposits  and  scale  by  wire  brush 
ing,  Rates  of  metal  loss  were  established  by  riming  one  heur  endurance  type  tes’ 

Table  IV  presents  the  data  obtained  on  combustor  metal  loss  rats,  as 
well  aa  that  cr.  combustor  deposit  formation  rate  and  exhaust  gas  smoke  density, 
because  these,  three  supplementary  measurements  were  all  made  concurrently .  No 
attempt  was  made  to  obtain  data  at  the  low  pressure  test  condition.  40.,  because 
previous  studies  have  shown  negligible  metul  loss,  deposit:)  and  smoke  at  such  com 
bustor  operating  conditions.  The  flame  tube  metal  loss  data  obtained  at  the  two 
higher  pressures,  while  maintaining  other  operating  variables  constant,  are  plotte 
for  all  four  test  fuels  in  Figure  35. 

These  data  show  that  increasing  the  combustor  pressure  increased  the 
flame  tube  metal  loss  rate.  This  is  compatible  with  the  observed  increase  in 
radiant  energy  from  the  flame  and  higher  flume  tube  inner  surface  temperatures 
previously  noted.  These  data  confirm  previous  indications  of  intensification  of 
combustor  durability  problems  at  high  pressure  and  temperature  conditions  for 
combustion. 


The  effect  of  the  hydrocarbon  structure  of  the  teat  fuels  on  combustor 
metal  loss  rates  are  as  would  be  expected  from  the  ill  Terences  observed  in  total 
flame  radiant  energy.  Specifically,  the.  paraffins,  isooctane  and  normal  heptane, 
produced  loser  rates  of  flame  tube  metal  loss  than  the  arc-natics,  toluene  and 
benzene.  Recent  work  (9)  has  shown  that  relief  from  this  +h-rmul  erresfon  cun 
be  obtained  by  the  choice  of  more  resistant  alloys,  in  addition  to  th=-  above  indi¬ 
cated  selection  of  fuel  hydrocarbon  type. 

C •  Combustor  Deposit-  Formation  Rats 

A  measurement,  r.f  +•—  ret;  of  f  0. ..wllun  a  combustor  deposits  was  cbtair.ec 
from  the  difference  in  flame  tube  weight  befor,  and  after  cleaning.  The  Type  304 
stainless  steel  flame  tube3  were  weighed  following  one  hour  endurance  type  tests, 
and  then  thoroughly  cleaned  of  all  deposits  and  scale  by  wire  brushing  for  reweigh- 
trig.  The  substantial  variations  in  fue)  flow  ;hc,;r,  i.;  Table  II  lor  the 

difieient  operating  conditions,  were  compensated  for  bj  presenting  the  data  u 
fuel  weight  ratio  basis;  that  is,  in  terms  of  the  weight  of  deposit  formed  per 
unit  weight  of  fuel  burned. 
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TABLE  IV 


EFFECT  OF  FUEL  TYPE  AMD  OPERATING  PRESSURE  ON  METAL  LOSS,  DEPOSITS  »ND  SMOKE 


Test 

Fuels 

Test  Conditions 

Combustor  Deposit 
Formation  Rato 

Combustor 

Metal 

Loss 

Rale 

Exhaust 

Gas 

Smoke 

Density 

(See 

Table  I) 

(See  Table  II) 

rag./h t  mg/kg  Fuel 

mg/hr 

Percent 

Black 

Normal  Heptane 

150 

270 

6.8 

320 

1 

A  50 

920 

8.6 

2240 

7 

Isooctane  150  95  2.i.  115  2 

450  790  7.4  990  21 

450  1100  10.2  1140  13 


Benzene 

150 

1330 

33.5 

2190 

23 

150 

960 

24.2 

3110 

- 

450 

1500 

14.0 

4150 

60 

To]  uuiic 

1  r-n 
xjyj 

122.5 

HOC 

15 

450 


1090 


10.2 


2850 
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Ft  CURE  35 

FLAME  TUBE  METAL  LOSS  VS  COMBUSTOR  PRESSURE 
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As  pointed  out  in  t.Vm  rirocnillnj  section  on  combustor  metal  loss  rate, 
the  concurrently  measured  data  on  combustor  deposit  formation  rate  are  presented 
In  Table  IV.  The  flame  tuba  deposit  formation  rate  data  obtained  at  the  two 
higher  pressures  are  plotted  for  all  four  test  fuels  in  Figure  36. 

Previous  studies  of  combustor  deposits  (1)  have  indicated  that  depo¬ 
sition  rate  generally  peaks  at  a  moderate  combustor  operating  pressure,  falling 
between  100  and  200  inches  of  mercury.  The  present  data  appear  to  verify  such 
an  optimum  pressure  for  combustor  deposit  formation  rate.  The  reduction  in  carbon¬ 
aceous  deposits  as  combustor  operating  p.  essure  exceeds  I'xve  atmospheres  has  been 
attributed  to  thsir  ignition  and  burn-ofi  from  the  hot  florae  tube  metal  surfaces, 
rather  than  from  lessened  pyrolytic  carbon  formation.  Thl3  is  compatible  with  the 
greater  flame  radiant  energy,  increased  ft-me  tube  inner  surface  t°  porature,  and 
increased  metal  loss  rate  already  dlcouseed. 

The  effect  of  the  hydrocarbon  structure  of  the  test  fuels  on  combustor 
deposit  formation  rate  wero  aa  would  be  expected,  when  deposits  were  obtained; 
that  is,  le3s  deposits  wero  produced  by  the  paraffins,  isooctane  and  normal  hep¬ 
tane,  than  the  aromatics,  toluene  and  benzene,  however,  the  most  important 
observation  was  the  continued  indication  that  regardless  of  fuel  hydrocarbon 
structure  the  combustor  problems  airectly  connected  with  carbon  deposition  were 
associated  with  only  a  limited  combustor  operating  regime.  This  suggests  that 
restrictions  on  fuel  hydrocarbon  type,  which  are  dictated  by  combustor  carbon 
deposition  problems,  simply  reflect  temporary  combustor  design  and/or  metallurg¬ 
ical  limitations. 


D.  Exhaust  Gas  Smoke  Density 

A  measurement  of  the  amount  of  pyrolytic  carbon  in  the  combustor- 
exhaust  was  obtained  by  filtering  a  constant  stream  of  this  gas  through  a  strip 
of  paper.  This  was  accomplished  by  employing  i,he  E.  K.  Von  Brand  continuously 
recording  gas  sampler,  connected  through  a  sampling  chamber  tc  a  1,'16-lnch  diame¬ 
ter  total  pressure  type  sampling  probe.  The  sampling  chamber  was  vented  to  the 
atmosphere.  The  smoke  traces  on  the  filter  paper  were  assigned  refiectometer 
readings  with  the  aid  of  a  -Jeleh  Densichron,  which  are  a  peruai  cage  of  the  black¬ 
ness  of  a  standard  reference  plate  compared'  to  a  clean  white  filter  paper. 


As  pointed  out  in  the  preceding  section  on  combustor  metal  loss  rate, 
the  concurrently  measured  data  on  exhaust  gas  smoke  density  are  presented  in 
Table  IV.  The  exhaust  gas  smoky  density  data  obtained  at  the  two  higher  pres¬ 
sures  are  plotted  for  ail  cour  test  fuels  in  Figure  37. 


The  data  illustrate  quite  clearly  that  increases  in  exhaust  gas  smoke 
density  ii?ccnip;.;nicd  increased  £vv'"bv,.°tr*v’  rtpovi-tina  nrcsRnro.  This  i <1  in  acTefimfint 
with  previous  studies  (1)  which  have  indicated  that  increasing  pressure  probably 
promotes  the  formation  of  pyrolytic  carbon  by  decreasing  tne  rate  of  diffusion 
and  mixing  of  the  fuel  and  air*  A  relationship  between  the  intensity  of  radiant 
energy  from  a  flame  and  the  eoncontration  of  black  body  radiators,  of  which  smoke 
density  is  an  index j  is  indicated*  The  difference  xn  ».he  twu  ajuuiablu,  1  ty 


3 cation  o  spectra  U 


in  the  benzene  and  toluene  smoke  other  than  the  amount  present* 


i  iie  i  e  may  ».»<?  a  u  i  1 1  p  r ence 


While  the  density  of  exhaust  smoke  has  nut  as  yet  been  considered  an 
operational  limitation,  its  control  may  be  dssirsd  for  oth"r  reasons.  Compensa¬ 
tion  for  the  decreased  rate  of  micro-mixing  accompanying  increased  charge  density 


Phillips  petroleum  cottPANy 

RESEARCH  DIVISION  REPORT  !32f 


PACE  H 


0  IOO  200  300  400  300 

COMBUSTOR  PRESSURE.  IN.  HG  ABS. 


EXHAUST  GAS  SMOKE  DENSITY,  %  BLACK 


Research  Division  xteport  15? G->  f>6R 

Rage  61 
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and  air,  Fre= vaporization  of  the  fuel,  to  the-  effort f 

tllity  with  increased  pressure,  represents  one  design  approach  th: 
preparation  to  more  affective’mixing. 
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It  has  long  been  recognized  that  the  various  hydrocarbon  type  fuels 
differ  in  their  tendency  to  smoke.  The  effect  of  hydrocarbon  structure  on  ex 
haust  gas  smoke  density  is  as  expected  foi  the  data  obtained,  with  less  smoke 
produced  by  the  paraffins,  isooctane  and  normal  heptane,  than  the  aromatics, 
benzene  and  toluene.  However,  under  the  severe  combustor  operating  conditions 
which  favor  the  formation  of  substantial  quantities  of  pyrolytic  carbon,  little 
relief  can  be  expected  from  restrictions  on  fuel  hydrocarbon  type. 


VII.  CONCLUSIONS 


The  following  are  short  restatements  of  what  are  believed  to  be  the 
significant  findings  of  this  work.  They  are  relative  to  the  laboratory  scale 
jet  combustor  used,  under  the  particular  experimental  conditions  of  this  study. 

(1)  Non-luminous  flames  wers  characterized  by  discontinuous  radiation, 
i.e,.,  band  amission  of  molecular  origin.  The  emissivity  m  these  molecular  bands 
approached  one  only  In  the  carbon  dioxide,  4  to  5  micron,  band.  The  average 
transverse  emissivity,  of  the  infrared  spectral  region  from  i  to  15  microns  in 
wavelength,  was  approximately  0.03, 

(?)  Luminous  flames  were  characterized  by  a  predominance  of  continuous 
radiation,  which  was  black  body  in  nature.  For  intermediate  valuss  of  luminosity 
the  discontinuous  molecular  radiation  was  evident,  supei imposed  on  the  continuous 
black  body  radiation.  The  transverse  emissivity  of  the  centre  '.p  radiation 
varied  from  a  few  hundredths  to  nenrlv  one,  depending  upon  expel  .r  al  conditions. 

(3)  In  general,  the  emissivity  of  both  the  non- luminous  and  lurn—  s 
flames  increased  with  combustor  pressure. 

(4)  The  emissivity  of  the  flames  varied  with  fuel  type  when  burned 

under  constant  combustor  operating  conditions.  In  general.,  the  emissivities  o, 
the  two  aromatic  fuels,  benzane  and  toluene,  appeared  te  be  higher  than  that  oi 
th?  two  oaraffinic  finals,  normal  he^tnns  and  icccctcr.c#  fi-'-****’-*-*  uo- 

creased  at  the  highest  combustor  operating  pressure.  4^C  in.  Hg  sbs* 

(5)  In  luminous  flames,  the  heat  transferred  bv  radicition  to  combat.'.-' 
flame  tubes,  etc.,  was  an  appreciable  portion  rf  the  total  energy  released.  The 
radiative  po»°r  varied  from  less  than  one  per  cent  lc-  ^r^uler  than  ten  per  cent 
of  the  total  energy  released,  depending  upon  i  ucj.  type  end  operating  conditions. 

(6)  Combustor  flame  tube  metal  teapaiatur..-.-  iiici..aSod  with  increasing 

combustor  pressure  (with  decreasin'  combustor  inlet.  !.. .  ;  •  ■  ■  :  the  c "  vc  -  a  -  - 

increased  flame  emissivity. 


(7)  The  effects  of  fuel  type  on  flame  tub0  *  t  a  i  1 -.peratui 
negligible  at  the  low  pressure  (41:  in.  Hg  *1  s,  }  high  velocity  (350  fps 
tion.  At  the  two  higher  pressures  (150  and  450  in.  Hg  abs.,'  and  lower 
(100  fps),  the  two  aromatic  fuels  produced  higher  retal  temperatures, 
with  total  radiation  trends. 


e  1  £ 

^  o\d 
ve  ?  or  i  ty 
agree  ire 
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(8)  Flame  tube  metal  burn-off  rates,  at  the  two  higcor  pressures, 
t  creased  with  metal  temperature,  .itetai  losses  increased  with  pressure,  and 

highest  for  benzene. 

(9)  Smoke,  as  such,  had  little  to  do  with  the  radiative  energy 
transfer  through  short  columns,  i.e.,  the  absorption  of  infrared  radiation  by 
smoke  was  small.  However,  smoke  forming  tendency  is  important  in  that  it 
governs  the  luminosity  of  the  flame,  and  thus  tho  radiative  characteristics 
of  the  flame. 

(10)  Exhaust  gas  smoke  density  increased  with  pressure,  and  was 
highest  for  the  two  aromatic  fuels.  This  indicates  a  direct  relationship  be¬ 
tween  pyrolytic  carbon  formation  and  radiant  energy  transfer  in  high  pressure 
jet  combustor  flames. 

(11)  Flame  tube  deposit  formation  rates  were  highest  at  the  inter¬ 
mediate  pressure  (150  in.  Hg  aba),  with  toluene  producing  the  moat  deposits. 
At  the  highest  pressure  (450  in.  Hg  abs )  deposits  were  low  with  all  fuels 
tested. 


(12)  Flame  "noi3ina3s"  (fluctuations  of  radiation  intensity  and 
transmission  properties)  was  a  direct  function  of  the  carbon  forming  tendency 
of  the  flame. 

(13)  The  temperature  of  the  flames  studied  here  (fuel-air  ratic  0.01) 
remained  essentially  constant  over  a  large  range  of  combustor  operating  condi¬ 
tions  and  fuel  types.  The  temperature  was  in  the  neighborhood  of  1800  K  (2800  F) 
for  the  particular  conditions  of  this  study. 

(14)  The  emiaaivity  of  the  carbon  dioxide  4  to  5  micron  molecular 
emission  was  nearly  one  over  a  large  range  of  operating  conditions  and  fuel 
types.  This  indicates  that  the  intensity  of  radiation  in  this  spectral  region 
is  a  good  Indies  cion  of  the  flame  temperature  and  13  essentially  independent  of 
the  luminosity  of  the  flame. 

(15)  The  temperatures  of  the  luminous  material  in  the  flame  and  the 
carbon  dioxide  gas  appear  to  be  vary  nearly  the  same . 

(16)  Narrow  hand-pass  pyrometers  adjusted  for,  say,  the  4.4  micron 
region  should  serve  as  good  flame  thermometers  if  the  flams  cross  section  is 
sufficiently  large  (i.e.,  at  least  two  inches  thick). 

(17)  The  molecular  emission  and  absorption  bands  will  broaden  toward 
long  wavelengths  with  increase  in  gas  temperatures,  making  narrow  band- Dans 
pyrometry  independent  of  atmospheric  absorption,  in  addition,  as  a  consequence 
of  more  material  being  present,  the  intensity  of  emission  (i.e.,  emissivity) 
and  absorption  will  increase  with  pressure  at  these  longer  wavelengths. 

(18)  Tnt.oi  radiation  pyrometers  must  include  the  1  to  5  micron  spectrai 
region  to  give  reliable  indications  of  the  total  infrared  radiation  emitted  by  the 
flame.  Window  material  for  such  pyrometry  is  inpert-nt.  Sapphire  windows  will 
give  substantially  more  reliable  results  than  quartz  without  large  luminosity 

and  smoke  corrections. 


(19)  Little  hydrocarbon  as  such  was  present  in  the  flame  zone. 


Research  Division  Report  1526-56R 

Page  63 


(20)  Radiative  energy  transfer  from  the  flame  z ere  to  t.he  hydrocarbon 
fuel  was  relatively  inefficient  due  to  »ho  non-coincidence  of  the  absorption 
spectra  of  the  fuel  and  the  emission  spectra  "  the  flame.  This  was  more  pro¬ 
nounce!  i-  "~,r  etc:  cf  n-in-iiuulnous  flames  than  in  luminous  flames. 
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